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Welding is a primary technique that is used to join structural components together. 
When optimum weld penetration depth is not achieved, the welded components must be 
scraped or fixed. Scraping and fixing slow down productivity and add to the product cost. 
A fully automated robotic welding process, equipped with on-line sensors that are able to 
monitor and control the depth of weld penetration in real-time, would result in increased 
productivity and significant cost savings.  
The overall purpose of this research is to develop a real-time laser ultrasonics 
based system for controlling robotic weld quality by monitoring the weld pool. The 
concept of real-time weld quality control is quite broad and this work is narrowed down 
to weld penetration depth monitoring and control with Time-of-Flight (ToF) technique. 
The weld penetration depth is one of the most important weld geometric parameters that 
define the weld quality, hence remains a key control quantity. This research focuses on 
the implementation and optimization of a fiber phased array generation unit and the 
development of signal analysis algorithms to extract the weld penetration depth 
information from the ultrasonic signals. The developed system is based on using the fiber 
phased array technique to generate ultrasound, and an Electro-Magnetic Acoustic 
Transducer (EMAT) as a receiver. The ultrasound generated by the fiber phased array 
propagates through the weld pool and is picked up by the EMAT. The ultrasound ToF is 




developed to predict the temperature distribution during the gas metal arc welding 
(GMAW) process. An analytical model is developed to study the propagation of 
ultrasound in a temperature gradient during the real-time welding. These ultrasound 
propagation paths are numerically traced. The cross-correlation technique has been 
applied to estimate the ToF of ultrasound. The analytical relationship between the ToF 
and the weld penetration depth, obtained by ray-tracing algorithm and geometric analysis, 
matches the experimentally estimated ToF very well. 
The real-time weld sensing technique developed in this research is efficient and 
can readily be deployed for commercial applications. It will remove the major obstacle to 
a fully automated robotic welding process. An on-line welding monitoring and control 
system will facilitate mass production characterized by consistency, high quality, and low 
costs. Such a system will increase the precision of the welding process, resulting in 
quality control of the weld beads. Moreover, in-process control will relieve human 






1. CHAPTER I 
 
INTRODUCTION 
Welding is now a well-established method and a primary technique that is used to 
join structural components together. Traditional welding is performed by a skilled 
operator who is capable of detecting and correcting most major faults as the joint is 
fabricated, thereby achieving satisfactory weld quality. In modern manufacturing, 
however, automated welding processes are highly desired. Robots have extended the 
level of welding automation. Unlike human operators, robots do not have built-in 
intelligence. Without on-line sensing, their performance cannot be evaluated until the 
process is complete and off-line testing performed. When defects are detected off-line, 
costly repairs must be made which also impair the quality of the weld. Therefore, on-line 
sensing is essential to ensure consistently high standards and reduce post-weld repair 
costs in automated welding. However, the development of reliable non-contact, non-
destructive, on-line sensors, which are able to detect defects as they form and with the 
capability of operating at high temperatures and in harsh environments, remains a big 
challenge to a fully automated robotic welding process. 
The purpose of this research is to develop a real-time laser ultrasonics based 
system to monitor and control the robotic weld quality. The concept of real-time weld 




monitoring and control with laser ultrasonics. The system is based on a laser phased array 
ultrasound generation system and an electromagnetic acoustic transducer (EMAT) 
reception system. Laser phased array generation of ultrasound has several advantages 
over bare laser generation. Laser phased array generation is more efficient than bare laser 
generation because it steers the ultrasonic energy to the region of interests. The array is 
very flexible in achieving various desired source configurations on the surface of the 
specimen. Among the noncontact ultrasound transducers such as EMAT, laser 
interferometer, and capacitance transducer, the EMAT is the most suitable receiver for 
real-time welding application. The laser interferometer has insufficient sensitivity for 
applications with rough surfaces. The capacitance transducer is sensitive to rough 
surfaces, ambient vibrations, and the change of the material. It is unsuitable for welding 
application. The EMAT may be engineered to survive harsh environments, and it is 
relatively insensitive to surface conditions.  
1.1  NON-DESTRUCTIVE EVALUATION OF WELD  
The purpose of controlling the quality of the weld is to achieve certain strength, 
toughness, and fatigue properties in the weld and the Heat Affected Zone (HAZ). These 
quality parameters are primarily affected by the geometry of the weld [Kou and Le, 1988; 
Savage, Lundin and Aronson, 1965]. Weld penetration depth is one of the most important 
geometric parameters that indicate the weld quality, hence remains a key control quantity. 
Weld penetration refers to the depth of melting and fusion into the base material of the 
weld joint. There are two major problems associated with penetration depth. They are 




support loads is less than what is expected, and high stress concentrations may form at 
the joint. At the other extreme, excessive melting may result in burning through or 
unnecessary heating of the weldment. Therefore, monitoring and maintaining an 
appropriate penetration depth for a base material of given thickness is essential to 
obtaining a consistent weld quality.  
Various non-destructive weld evaluation techniques have been investigated and 
developed over the past years. Among them, radiographic technique, vision technique, 
and ultrasonic technique are the most commonly employed approaches.  
1.1.1  Radiographic Inspection of Weld 
Radiographic inspection relies on detecting a change in the transmitted intensity 
of a gamma-ray or an X-ray beam that arise from the fact that a defect and the 
surrounding metal have different absorption coefficients. Radiography was the only 
available method for finding buried defects in welds before the advent of ultrasonic 
inspection. Traditional radiographic inspection uses high-quality film to take images 
[Placious, et al., 1981; Rokhlin, 1989]. Significant progresses have been made in 
radiography over the years. Now, the radiographic inspection can be made filmless and 
applied in real-time application [Liao, 1998; Ditchburn, et al., 1996; Guu and Rokhlin, 
1992]. For weld inspection, the most commonly used real-time techniques rely on the 
conversion of X-rays to visible light using a fluorescent screen or X-ray image intensifier 
and coupling the light output to a TV or video camera. While radiographic inspection is a 




slow and expensive NDT method. The safety hazards associated with the use of X-rays 
and gamma radiation have further limited the applications of this method.  
1.1.2  Infrared Sensing (Vision Technique) of Weld 
Infrared and vision techniques have been applied to the weld penetration 
monitoring and control in the past. One general approach is to observe the weld joint 
from the backside, typically utilizing infrared detectors [Vorontsov, 1970]. In the 
simplest implementation, a certain level of broadband radiation detected is associated 
with the proper penetration. The penetration depth is then maintained using either 
welding current or travel speed as a control parameter. This approach requires access to 
the backside of the weld and provision for maintaining the sensor position relative to the 
point of welding, which cannot be easily met in most real-world configurations. A more 
convenient vision technique for controlling the penetration is based on the detection of 
weld pool width from a digitized television image [Richardson, Gutow, and Rao, 1982; 
Nagarajan, Chen, and Chin, 1989]. The digitized image is analyzed by a vision processor 
for the purpose of detecting the molten weld pool edge features and hence pool width. 
This approach relies on an assumption that a constant bead width to depth of penetration 
ratio exists for the welding condition. One particular difficulty associated with the bead 
width technique is that minor changes in composition have been shown to alter 
dramatically the penetration behavior [Sundell, Solomon, and Correa, 1986]. Chen et al. 
(1988) have experimentally investigated the relationship between the thermal image and 




plates being welded change along with the penetration and thickness of the plates being 
welded. However, no concrete relationships have been established. 
1.1.3  Ultrasonic Sensing of Weld 
Ultrasonics was first introduced as a NDT technique for weld inspection in the 
1960’s. Since then, this technique has undergone extensive development and gained 
increasing acceptance. Consequently, ultrasonics is now the major technique used for 
validation of welded structures in many in-service inspection applications, e.g. off-shore 
structures, nuclear and pressure vessel industries, and a range of naval applications. 
Ultrasonic sensing of the welding process has the potential to detect weld pool geometry 
and discontinuities in real time. Traditional ultrasonic transducers require intimate 
surface contact and fluid couplants, which are not applicable to on-line weld inspection 
where elevated temperature and rough surface are usually present [Stroud, 1989].  One 
alternative to the conventional contact ultrasonic method is laser ultrasonic testing, which 
has attracted a lot of research efforts since it was first demonstrated by White in 1963. In 
such a system, a pulsed laser is used to generate ultrasound and a laser interferometer is 
used to pick up the ultrasound propagated through the inspected media. Indeed, a pulsed 
laser can be used as an efficient broadband generator. On the other hand, laser 
interferometry receiving systems generally require shining and smooth surface finish over 
the inspection region, which usually does not exist in welding environment. One solution 
for this weakness is to replace the problematic laser receiver with an EMAT. While the 
EMAT needs to be placed in close proximity to the specimen surface and hence is not a 




couplants or special surface preparation, and can be made to operate at elevated 
temperatures. The EMAT, though not an efficient generator of ultrasound, can be 
designed and built as an excellent receiver for both longitudinal and shear waves.  
Laser/EMAT hybrid system has been investigated in various inspection 
applications. Idaho National Engineering Laboratory (INEL) has developed ultrasonic 
sensing techniques to determine the quality of weld with both contact transducers and 
non-contact ultrasound generation and receiving techniques (laser/EMAT) [Carlson and 
Johnson, 1988, Carlson, et al. 1992]. A ray-tracing algorithm has been implemented to 
perform the path analysis. The sensing system was able to detect the incomplete 
penetration in a weld joining two 12.7 mm thick carbon steel plates based on presence or 
absence of the signal of interest in the acquired A-scans. In this system, only qualitative 
information of the weld pool geometry has been extracted from the A-scan results.  
A multiple cavity pulsed laser/meander line EMAT system has been used to 
inspect a steel plate weld specimen for cracks off-line [Oursler, Wagner, 1995]. 
Thermoelastic generation is desired in this system to excite strong angled shear wave 
(30° lobe). A ten-cavity laser system, which can generate a laser beam train at a desired 
delay, is used to generate narrow band ultrasound. The EMAT is tuned to be sensitive to 
the ultrasound with particular frequency and at specified angle. In this application, the 
ten-cavity laser is used only for tuning the frequency of the generated ultrasound, not for 
steering the ultrasonic beam as a phased array.  
Another hybrid laser-EMAT system has been introduced to detect weld defects 
using the B-scan technique [Dixon, Edwards, Palmer, 1998]. No phased array is applied 




EMAT can be extremely complicated. The off-line experimental results show that this 
system is unable to detect all defect types or sizes. This is not surprising because the 
ultrasonic signal generated by a point source (single laser beam) will propagate in all 
directions and the signal to noise ratio is low. It will even be worse if the system is used 
for on-line purpose due to the elevated temperatures introduced by the welding process.  
1.2  LASER PHASED ARRAY / EMAT HYBRID SYSTEM FOR SENSING WELD PENETRATION 
DEPTH – PROPOSED APPROACH 
The overall objective of this research is to develop a real-time ultrasound based 
system to control the robotic weld quality by monitoring the weld pool geometry. The 
concept of real-time weld quality control is quite broad and this work has focused on 
penetration monitoring and control with laser ultrasonics. The system is based on the 
laser phased array technique that has been investigated for many years by the Laser 
Processing lab, Georgia Institute of Technology [Hopko, Ume, 1999; Yang, Ume, 1994; 
Yang, DeRidder, Ume, Jarzynski, 1993]. An EMAT is used as a non-contact receiver. 
The ultrasound generated by the laser phased array propagates around the weld pool and 
is picked up by the EMAT. Algorithms are developed to measure the Time of Flight (ToF) 
of the ultrasound and correlate the ToF to weld penetration depth. The uniqueness of this 
research is that the information on weld penetration depth extracted from the ultrasonic 
signals will be used as feedback to control the Gas Metal Arc Welding (GMAW) 
parameters (welding current, arc voltage, wire feed rate, torch speed, and torch angle 




Weld penetration depth detection has been studied on simulated liquid weld with 
laser linear array and EMAT configuration [Graham, Ume, 1997; Graham, Sanderson, 
Ume, 1993]. The results show that penetration depth of simulated liquid welds can be 
determined by ultrasound ToF techniques. Simulated welds provide a means of 
demonstrating the feasibility of applying a non-contact laser-EMAT ultrasonic evaluation 
system to real-time welds.  
This dissertation focuses particularly on the implementation and optimization of 
the laser phased array generation unit used for monitoring real GMAW process and 
application of signal processing techniques on the received ultrasonic signals. In the real-
time welding environment, both attenuation and noise levels will be increased compared 
to those in the simulated weld pool. High attenuation is due to the elevated temperature. 
High noise level is caused by the high levels of electromagnetic noise resulting from the 
welding process and acoustical noise disturbances in the manufacturing setting. As a 
result, use of a strong ultrasound generation is required in actual real-time weld 
inspection. A phased array is one means to enhance the ultrasound generation at certain 
desired directions. Successful application of the phased array, however, requires 





2. CHAPTER II 
 
BACKGROUND 
2.1  ULTRASONIC GENERATION BY LASER 
When a pulsed laser beam is incident on a specimen, a portion of the energy is 
absorbed by the specimen and the rest of the portion is reflected. The absorbed energy 
pulses serve as the source of the generated ultrasound that travels within the specimen. 
Based on the input laser power density levels, the ultrasound can be generated in three 
regimes: thermoelastic regime, transition regime, and ablation regime. The laser source is 
usually modeled as an ideal point source for simplicity.  
2.1.1  Thermoelastic Regime 
When the absorbed energy is within the thermoelastic regime for the tested 
material, the induced stresses fall below the elastic limit for that material and no 
permanent deformation or damage occurs.  
Thermal expansion and compression in the thermoelastic regime are expected to 
be in the direction parallel to the material surface (Fig. 2-1). So, a thermoelastic source is 









Fig. 2-1: Thermoelastic generation mechanism. 
Under thermoelastic regime, the directivity patterns are described by Eq. 2-1 for 
longitudinal wave and Eq. 2-2 for shear wave [Rose, 1983]. In deriving these equations, a 
point source is assumed. Bernstein and Spicer (2000) have analytically and 
experimentally confirmed that the directivity pattern produced by a thermoelastic line 
source is identical to that by a point source. The directivity patterns of the ultrasound 























uS  Eq. 2-2 
where, 
Lu : Magnitude of longitudinal wave 
Su : Magnitude of shear wave 







ck = : Ratio of the longitudinal wave velocity to the shear wave velocity  
  
a) longitudinal wave   b) shear wave 
Fig. 2-2: Theoretical directivity pattern in thermoelastic regime (steel). 
2.1.2  Intermediate Regime 
The intermediate regime happens when the absorbed energy causes melting but 
no vaporization. The power range in this regime is too narrow to be of practical interest. 
Material testing in this regime is highly uncertain. The transition regime is avoided 
because this regime is neither nondestructive nor able to produce strong signals. No 



















2.1.3  Ablation Regime 
Ablation occurs when the absorbed laser energy causes vaporization. The material 
that departs from surface with an outward momentum generates a normal force on 





Fig. 2-3: Ablation generation mechanism. 
Under ablation condition, the longitudinal wave is dominant. The source in 
ablation regime is usually modeled temporally as an impulse and spatially as a point force. 
This model results in the directivity patterns of Eq. 2-3 and Eq. 2-4 [Miller and Pursey, 




























a) longitudinal wave   b) shear wave 
Fig. 2-4: Theoretical directivity pattern in ablation (steel). 
2.1.4  Laser Power Density Threshold for Ablation 
The ultrasound is generated by a pulsed laser in different regimes at various levels 
of laser power density. The specimen surface temperature affects the laser power density 
threshold. The difference between initial surface temperature and boiling point directly 
relates to the amount of energy required for ablation [Aussel et al., 1988]. Eq. 2-5 









ρπ  Eq. 2-5 
where, 
AW : Absorbed power density 




















ρ : Density 
vC  Specific heat capacity 
0τ : Duration of the laser pulse 
vT : Vaporization temperature 
iT : Initial temperature of the material 
The thermoelastic limit can be calculated by replacing vT , the vaporization 
temperature, with mT , the melting point of the material. When aluminum is considered, 





































2.2  PHASED ARRAY AND OPTICAL FIBERS 
2.2.1  Phased Array 
A phased array, a tool to make the ultrasound field be steered and amplified in a 
particular direction, can be designed and implemented to enhance the signal propagation 
in the region of interest.  
A phased array is comprised of multiple sources with a time lag, illustrated by Fig. 
2-6. The ultrasound field generated from each of the sources interacts to form predictable 
interference patterns that can be controlled by proper temporal and spatial arrangement of 








Fig. 2-6: Phased array.  
An additional feature of phased arrays is that the destructive interference at angles 
other than the beam steering angle results in a reduction in the amplitude of the 
ultrasound signal. This feature effectively narrows the region of propagation to a band of 
angles surrounding the beam steering angle. Therefore, signals received from phased 




The directivity pattern ( )φθ ,u  of the ultrasound generated by a phased array is the 
product of the directivity pattern ( )θeu  produced by an individual source and the array 
factor ( )φθ ,aI , expressed by Eq. 2-6 and Eq. 2-7 [Vogel, et al., 1987]. Note that the 
longitudinal wave and the shear wave for the same material have different traveling 
velocities. Thus the array factors are different for each of these two waves.  
( ) ( ) ( )φθθφθ ,, ae Iuu ⋅=  Eq. 2-6 

















 Eq. 2-7 
where, 
( )φθ ,u : Intensity distribution of the radiation pattern at any constant distance 
λ : Acoustic wavelength  
φ : Selected beam steering direction 
d : Distance between source element centers  
N : Number of source elements  
τ : Time delay between adjacent sources  
c : Ultrasound speed  
A laser-based phased array is conventionally created either by using an array of 
fiber optic lines of varying lengths [Bruinsma and Vogel, 1988; Jarzynski and Berthelot, 
1989; Yang, et al., 1993; Noroy, et al., 1993] or by using a moving laser source [Ing, 




fiber sources, as shown in Fig. 2-7. Each source is composed of 7 fibers (totaling 21 
fibers, bundled together at the laser end). The fibers in each of the three sources measure 
2 m, 52 m, and 102 m, respectively. The 50 m length difference results in a time delay of 
0.243 µs between adjacent sources based on Eq. 2-8. The distal end of the phased array is 
configured as three line sources.  
 
Distal end of 
phased array
Fiber bundle 










=τ  Eq. 2-8 
where, 
τ : Time delay between adjacent sources  
l∆ : Length difference (50 m)  
c : Speed of light in vacuum (3x108 m/s)  
n : Refractive index of the fiber core (1.46 at 1064 nm wavelength)  
When plugging the array parameters into Eq. 2-6 and Eq. 2-7, the directivity 
patterns for a 3 element array with the time delay of 0.243 µs and inter-spacing of 1.5 









































(c)      (d) 
Fig. 2-8: Comparison of single source (dotted black line) and phased array (solid blue 
line). (a) Longitudiinal wave under thermoelastic regime. (b) Shear wave under 
thermoelastic regime. (c) Longitudiinal wave under ablative regime. (d) Shear wave 




2.2.2  Optical Fibers 
Optical fibers serve as laser energy guide in many industrial applications, 
including laser welding and drilling [Jones, 1989; Doubrava et al., 1990] and ultrasonics 
[Lanza di Scalea et al., 1999; Jarzynski, 1989; Yang and Ume, 1994]. These applications 
usually require optical fibers capable of transmitting high power levels.  
Typical optical fibers are composed of three layers of material: core, cladding, 
and jacketing (refer Fig. 2-9).  The fiber core is made from the purest material, and is 
capable of transmitting high energy. The cladding has smaller refractive index and the 
core-cladding interface confines the light to the core by total reflection. The fiber 
jacketing serves as protection of the fiber and the material is usually chosen based on the 
application. The polyimide-coated fibers are made for high temperature applications. The 
core diameter for high-power laser applications ranges from about 400 to 1000 µm [Beck 
et al., 1993]. Fibers larger than 1000 µm are usually not used because they are less 
flexible. The cladding diameter is typically 1.1 to 1.4 times the core diameter.  
 




Of the three layers, the fiber core has the highest damage threshold and the 
jacketing has the lowest.  When a laser beam is incident onto the end surface of the fiber, 
the fiber will experience permanent damage if the laser intensity exceeds its lowest 
damage threshold. Higher power levels can be attained by removing the jacketing 
material [Beck, et al., 1993; Allison, et al., 1985] or focusing the laser energy into the 
core of the fiber [Dewhurst, et al., 1988]. When using a fiber bundle system, the 
technique of focusing the laser into the core of the fiber is an impractical solution since 
the laser beam needs to be coupled into multiple fibers in the bundle simultaneously. 
Hence, the technique of removing fiber jacketing at the laser end is employed to improve 
the damage threshold.  
2.3  PRINCIPLE OF EMAT RECEPTION OF ULTRASOUND 
An EMAT is a non-contact ultrasonic transducer. While EMATs can be used both 
to generate and receive ultrasound, the discussion here will focus on the use of EMATs as 
receivers since pulsed lasers are better ultrasound generators. The non-contact operation 
makes EMAT a perfect solution for inspecting specimens in harsh environments and in 
motion.  
A typical configuration for an EMAT receiver of acoustic waves in a specimen is 
shown in Fig. 2-10. An EMAT receiver functions through the interaction of particle 
displacement velocity (v) and static magnetic flux density (B). A free conduction current 
density distribution (J) is then established due to the mechanical vibrations of the medium 
and the presence of a static magnetic field. The relationship is expressed by Eq. 2-9 













Fig. 2-10: Basic operational principle of an EMAT. 
BvJ ×= σ  Eq. 2-9 
As a result, the current density is detected by the pick-up coil. The entire EMAT 
unit can be designed to be sensitive to either shear or longitudinal waves arriving at a 
particular angle and frequency by selecting appropriate direction of the magnetic field 
and shape of the receiving coil. An EMAT is not a point transducer like an interferometer. 
It has an area detection window that depends on the strength of the magnetic field and the 
size of the induction coil on the bottom of the EMAT assembly. As a result, ultrasound 
can be detected before it reaches the center of the EMAT, which introduces a bias to the 
ToF. The problem raised by this bias can be avoided by using relative ToF instead of 
absolute ToF.  
Currently an EMAT assembly developed by National Institute of Standard and 
Technology (NIST) is used as a receiver. The EMAT was initially optimized for 
receiving 45° incident shear waves with a frequency bandwidth of 0.5 to 2.0 MHz. To 




BWXT Services, a company that builds EMAT system for various applications. It is 
proven to be successful in receiving shear waves in a welding environment. 
2.4  ANALYSIS ON THE WAVE PROPAGATION IN A PLATE 
The propagation of the elastic waves in a parallel-sided plate is discussed in this 
section. As shown in Fig. 2-11, the arrival times for bulk waves can be obtained by taking 
a geometric ray analysis. For simplicity the discussion is restricted to the wave arrivals 
given in Table 2-1, which lists the abbreviations of different wave arrivals and their 
meanings. It is straightforward to calculate the arrival time for the pure reflection case, 
such as PP and SS waves. When mode conversion happens, it is required to apply the 








Fig. 2-11: Wave arrivals based on reflection in a plate. 
In the case of weld tip diffraction, the calculation of the arrival time is 







dPP & dPS or 
dSP & dSS 
P or S 
 
Fig. 2-12: Wave arrivals based on diffraction at the weld tip. 
Table 2-1: Abbreviations of different wave arrivals. 
Wave arrival Symbol 
Direct Rayleigh wave R 
Longitudinal wave reflected once PP 
Shear wave reflected once SS 
Longitudinal wave mode converted to shear wave PS 
Shear wave mode converted to longitudinal wave SP 
Diffracted longitudinal wave dPP 
Diffracted shear wave dSS 
Longitudinal wave diffracted as shear wave dPS 





3. CHAPTER III 
 
WELD PENETRATION DEPTH INSPECTION SYSTEM 
A laser phased array ultrasound generating system developed previously in this 
lab is implemented into the inspection system. An EMAT is used as a non-contact 
ultrasound receiver. The generating unit and the EMAT receiver form an on-line sensing 
system to monitor the weld penetration depth of the gas-metal arc welding (GMAW) 
process. Signal analysis algorithms are developed to extract the weld penetration depth 
information from the ultrasonic signals received by EMAT in real-time. This chapter 
discusses the overall weld penetration depth inspection system and the apparatus used in 
this research. 
3.1  OVERALL SYSTEM SETUP 
The overall system setup is illustrated by Fig. 3-1. The welding subsystem 
employs an Automatix AI 32v robot controller, General Electric Process P-50 robot, and 
a Miller Pulstar 450 welding machine. The AI 32v controller that runs the RAIL v6.04 
operating system controls the P-50 process robot.  The welding torch is attached to the 
end effector of the P-50 robot. An interface with the Pulstar 450 welder allows the AI 32v 
robot controller to manipulate various welding parameters such as arc voltage, wire feed 




shielding gas, which is a mixture of 98% argon and 2% carbon dioxide. The welding 
machine/robot combination is ideally suited for making butt or V-grooved welds using 










Fiber Phase Array  







Fig. 3-1: Overall system setup. 
A pulsed Nd-YAG laser is used as the light source. This laser operates at a 
wavelength of 1064 nm with 5~7 ns pulses at up to 650 mJ per pulse, with a firing rate of 
up to 20 Hz. The laser beam is coupled into the Flexible Fiber Bundle Linear Phased 
Array (FFBLPA) and directed onto the welding sample through the FFBLPA. A custom 
designed focusing objective lens is utilized to focus the beam emitting from the fibers 
onto the surface of the sample. It also protects the fibers from being contaminated or 
damaged by the ablation or welding spatter. 
Ultrasonic signals are received by a receiver (angle beam PZTs or EMAT) in real-




developed for processing the ultrasonic signals to obtain the weld penetration. In the 
future, the information on the weld penetration depth will be used as a feedback to the 
system to correct the welding process, hence to achieve high quality weld.  
3.2  LASER PHASED ARRAY GENERATING SUBSYSTEM 
It is essential to deliver the laser beam to the surface of the specimen to be 
inspected efficiently and flexibly so that strong ultrasound signals can be generated and 
propagate along the desired direction. A laser phased array generating subsystem 
illustrated in Fig. 3-2 is implemented to generate ultrasound in a noncontact means. 
Phased arrays are constructed of multiple sources with a given spatial and temporal 
relationship resulting in a superposition of wave fronts at the desired beam steering angle. 
In this research, the phased array is composed of three line sources. Each of the three 
sources consists of 7 silica-silica fibers with 400 µm core. The fibers in each of the three 
sources measure 2 m, 52 m, and 102 m respectively. The difference in length introduces a 
time delay of 0.243 µs between adjacent line sources. At the laser end, the 21 fibers are 
arranged into a round bundle to face the laser beam. The laser beam emerging from the 
pulsed Nd:YAG laser is coupled into the fiber bundle.  
This section presents a brief description of the components of the phased array 
generation system. The more detailed discussion on the implementation and 
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Fig. 3-2: Fiber phased array generation unit. 
3.2.1  Nd-YAG Laser 
The pulsed laser used as ultrasound generation source is a Surelite II model laser 
from Continuum, as shown in Fig. 3-3.  The laser is an Nd:YAG laser, operating in the 
infrared (1064 nm), at 10 Hz repetition rate.  The maximum laser power output is rated as 
650 mJ/pulse at the wavelength of 1064 nm for a 7 mm diameter beam.  
 




The laser output power can be adjusted by changing the Q-switch delay setting.  
Note that higher Q-switch delays result in lower power. A power meter is used to 
measure the laser power.  Fig. 3-4 shows the laser energy per pulse measured at different 
Q-switch delay settings. Q-switch setting of 250 µs is used in all of the experiments, 

























Fig. 3-4: Laser output energy vs. Q-switch delay. 
It takes time for the laser power to stabilize after it is turned on. Fig. 3-5 shows a 
plot of the laser power over time. The result shows that the laser power becomes 
stabilized after about 30 minutes of warming up. The oscillation is within 1% after the 
first half hour. Based on this observation, all measurements are made after the laser has 




















Fig. 3-5: Laser power stabilization with time. 
3.2.2  Optical Fibers 
The optical fibers used in this research are Optran® UV type fibers manufactured 
by CeramOptec Industries, Inc. The fibers are selected for this particular application 
based on their known performance for transmitting high power laser light and enduring 
high temperatures. The fibers are composed of pure silica core, doped silica cladding, and 
polyimide jacketing. The polyimide jacketing makes the fibers capable of operating in a 
broad temperature range (-190° to +385° C). The detailed fiber properties and dimensions 
are listed in Table 3-1. 
3.2.3  Fiber Container 
The optical fibers are fragile and lengthy. An appropriate container must be 




Table 3-1: Properties and dimensions of Optran UV fiber. 
Material Silica 
Refractive index  1.459 Core 
Diameter 400 µm 
Material Fluorine doped silica 
Cladding 
Diameter 440 µm 
Material Polyimide 
Jacketing 
Diameter 480 µm 
Index profile Step index profile 
Numerical aperture 0.22±0,02 
Damage threshold 1.3 kW/mm2 CW at 1064, up to 10 J, pulsed 
Momentary 100 x cladding radius = 44 mm Bend 
radius Long term 600 x cladding radius = 264 mm 
during the service. As shown in Fig. 3-6, a containment ring has been designed to house 
the 21 fibers [Hopko, Ume, 1999]. The fibers are separated within the rigid ring in 
internal channels, making it possible to service an individual fiber. The containment unit 
is made of aluminum because it is strong and lightweight. The channel is approximately 
37.7 mm by 76.2 mm (1.5” x 3”). The inside diameter is roughly 1 m.  
 




3.2.4  Focusing Objective 
The laser coming out of a fiber is divergent and the irradiated area is a function of 
the distance between the fiber end and the specimen. Without a focusing lens, the fiber 
ends have to be close enough to the testing specimen in order to have a relatively small 
spot. This configuration leaves the fiber ends to be vulnerable to the ablation and the 
welding spatter. To solve this problem, a custom designed optical lens system – a 
focusing objective is utilized to focus the laser beam coming from the fibers onto the 
surface of the specimen. Fig. 3-7 shows the focusing objective together with the fiber 
phased array chuck. The focusing objective lens contributes to the physical robustness of 
the laser array probe by shielding the ends of the fibers from harsh welding conditions. 
Because the bottom face of the objective will be exposed to ablated material, fumes, heat, 
and welding spatter, a sapphire window is included in the design, and can be replaced or 
cleaned as needed. The use of the focusing objective makes it possible to generate 
ultrasounds in either thermoelastic regime or ablation.  
 




3.2.5  Laser Power Meter 
The power meter is not a permanent component of the phased array subsystem. 
However, it is an essential tool used in array implementation and optimization. The fiber 
damage threshold and the laser power coming out of each single fiber are measured by 
the power meter so that the operation of the laser and the coupling between the laser and 
the fiber bundle are optimized. The laser power should be limited below the fiber damage 
threshold. The laser optics should be tuned and the fiber end surfaces should be carefully 
polished so that the laser energy is distributed into the 21 fiber bundle as uniform as 
possible. An accurate and consistent measurement of the laser power/energy is very 
important to this process. The laser power and energy meter used is model S310 from 
Scientech, as shown in Fig. 3-8. The meter can be configured as either a power mode or 
an energy mode. The power mode measures the average power (in watts or milliwatts) of 
repetitively pulsed lasers. The energy mode measures the energy per laser pulse or 
averaged energy for a selected number of pulses from 2 to 9999. In practice, the power 
mode is used to measure the averaged power. The average power mode measurement 
gives best accuracy and consistency. Eq. 3-1 - Eq. 3-3 give the conversions to obtain 
energy per pulse, instantaneous power, and instantaneous power density from measured 
average laser power.  
Energy per pulse = (Power meter measurement)/ (Repetition rate)      Eq. 3-1 
Instantaneous  power = (Energy per pulse)/(Pulse width) Eq. 3-2 





Fig. 3-8: Scientech S310 laser power and energy meter. 
 
Fig. 3-9: Model 36-0203A Isoperibol Enclosure to isolate enviromental thermal 
disturbances for measuring small energies. 
The laser power coming from a single fiber is in the range of 1to 10 mJ/pulse or 
10 to 100 mW at the repetition of 10Hz. The measurement of the low power and energy 
is not stable due to the influence by environmental thermal disturbances. So an Isoperibol 
Enclosure (Model 36-0203A from Scientech as well, as shown in Fig. 3-9) is used to 




the calorimeter. Scientech recommends using this enclosure when attempting power 
measurements below 30 mW and single pulse energy measurements below 30 mJ. Note 
that the enclosure has to be removed when measuring high power/energy since overheat 
may occur.  
3.3  EMAT RECEPTION SUBSYSTEM 
3.3.1  EMAT Introduction 
 
Fig. 3-10: EMAT system developed by NIST. 
The EMAT used in this research was developed by A.V. Clark Jr. and S.R. 
Schaps of the National Institute of Standard and Technology (NIST). The EMAT system 






EMAT assembly detects ultrasonic waves in the metal weld plate without physical 
contact to the specimen (although a close proximity is required). A frame with a shield 
and three wheels is attached to the EMAT assembly to protect it from welding spatters 
and establish noncontact setup from the surface of samples to be inspected. The wheels 
must be electrically insulated from the EMAT assembly to block welding ground currents.  
After years of service, the EMAT coils have been broken. Efforts have been made 
to refurbish and characterize the current EMAT so that it is optimized for the 
experimental setup shown in Fig. 3-1.  
3.3.2  Characterization of Ultrasound with Variable Angle PZT Transducer 
 
Fig. 3-11: Experimental setup for measuring the laser generated ultrasound at various 
receiving angles by a PZT with a variable angle wedge. 
In order to understand the directivity pattern of the ultrasound at the receiving 




different angles. The measurement setup is shown in Fig. 3-11. A half inch thick welded 
sample is used as an investigated medium. The focusing objective shown on the right of 
Fig. 3-11 focuses the laser from the phased array onto the sample surface.  
The results with the setup described above are shown in Fig. 3-12 - Fig. 3-14. 
PZT transducers with frequency of 1.0 MHz and 2.25 MHz are used to measure the 
ultrasound at various receiving angles. Fig. 3-13 and Fig. 3-14 show the waveforms 
received by both PZTs at different angles. The results show that the ultrasound can be 
received by both 1.0 MHz and 2.25 MHz transducers over all the angles. The signals are 
refracted shear waves for angles except 90 degree (where surface wave is assumed). Fig. 
3-12 shows how the ultrasonic signal strength varies along with the receiving angle.  
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3.3.3 Refurbishment and Characterization of EMAT Unit 
Based on the characterization of the ultrasound with PZTs discussed in the last 
section, the EMAT has been refurbished and characterized by BWXT Services, a 
company that builds EMAT system for various applications. The desired performance of 
the EMAT is that it is optimized to receive the ultrasound at large angles where the 
ultrasound energy focuses on. 
In order to improve the sensitivity of the EMAT as a receiver for the detection of 
laser generated ultrasound for measuring the depth of weld penetration, a new coil with 
dual rectangular design has been proposed. This EMAT coil design is for maximizing the 





Fig. 3-15: EMAT coil shape and dimensions. 
Fig. 3-15 shows a plane view of the proposed EMAT coil.  D and W are 
determined by the desired ultrasonic reception properties.  L is determined by the 




The refurbished EMAT is characterized by BWXT Services and the results for 
both longitudinal wave and shear wave are provided, as shown in Fig. 3-17 and Fig. 3-16 
respectively. The longitudinal wave measurements have a little more scatter in it because 
a conventional piezoelectric transducer is used to launch the ultrasound and there could 
be variations in the coupling. The shear waves are generated with an EMAT and are more 
reproducible. The shear wave response peaks at 35 to 40 degrees then plunges to a 
minimum at 45 degrees. The rapid oscillation in the response between 45 and 60 degrees 
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Fig. 3-17: EMAT response to 1.0 MHz shear waves. 
It is proven that the EMAT is successful in receiving shear waves in welding 
environment and it has good EMI noise rejection if it is properly grounded. 
3.4  COMPUTER ACQUISITION SYSTEM 
A PC with a GaGe high-speed 6012 PCI A/D board serves as the main center of 
data acquisition and processing. The 6012 PCI A/D card has 12-bit resolution and is 
capable of sampling data at 60 MHz in single channel mode or 30 MHz in dual channel 
mode. This A/D card system is used to acquire the ultrasonic signals received by the 





The Continuum SureLite II Nd-YAG laser used in this research can be operated 
through RS-232 or TTL interface. In order to coordinate the robot controller, laser, and 
the acquisition system, an interface controller is designed to communicate between the 
laser and robot controllers. The interface controller is implemented with PIC 
microcontroller (PIC16F84). It detects the handshaking signal from the robot controller 
that indicates when welding begins and ends and then sends ASCII commands to laser 
power supply unit through RS232 interface to start and stop the laser firing. The flow 
chart of the controller’s operation is shown in Fig. 3-18. 
The acquisition software was developed with Labview, a graphical development 
environment for signal acquisition, measurement analysis, and data presentation. A 
screen shot of the software interface is shown in Fig. 3-19. The program first presets the 
system and waits for the trigger signal from the laser power supply. When the robot is in 
position to begin the welding process, the robot controller sends out the handshaking 
signal. This handshaking signal is monitored by the designed controller. The laser is 
turned on and off based on the indication of the handshaking signal. Once the laser is 
turned on, the acquisition of the ultrasonic signal starts and repeats at the laser firing rate. 
In the data acquisition loop, the program receives a trigger signal from the laser 
controller and ultrasonic signals from the ultrasonic receiver. The acquisition of a single 
waveform starts with the trigger signal and ends after a specified number of samples 
(specified by user) are taken. A time lead or lag can be configured between the trigger 
signal and the start of the acquisition. Once the data collection is complete, the program 
stores the time that the trigger signal was received and the ultrasonic data in two separate 




next trigger signal from the laser and repeats the data acquisition and storage process. At 
the end of the welding process, the interface controller receives a handshaking signal 
from the robot controller and it acquires ultrasonic signals for another 15 seconds, and 
then turns off the laser emission and exits the data acquisition loop. 
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Baud Rate = 9600 
Data Bits = 8 bit 
Parity = No 
Stop Bit = 1 
Start 
ASCII Commands Used 
 
(1). Commands to start laser pumping: 
ST 1 (start pumping); 
SH 1 (open shutter);  
 
(2). Commands to start laser firing: 
PD 001 (start firing at 10Hz). 
 This command has to be issued 
no sooner than 1 second after the 
“open shutter” command is issued. 
 









Fig. 3-19: Acquisition software interface developed in Labview. 
3.5 OTHER APPARATUS 
3.5.1  KH3945 Filter/Amplifier 
The KH3945 filter/amplifier shown in Fig. 3-20 is used to further filter and 




Hite Corporation. The Krohn-Hite Model 3945 is a multi-channel, Butterworth/Bessel 
filter with three channels.  It offers a programmable filter covering a cutoff range from 
3Hz to 25.6MHz, with a frequency response characteristic of maximally flat (Butterworth) 
for clean filtering in the frequency domain, or linear phase (Bessel) to provide superior 
pulse or complex signal filtering. 
  
Fig. 3-20:  Krohn-Hite Model 3945 Filter/Amplifier. 
The Krohn-Hite filter is configured as a band pass filter with the selecting 
frequency range of 500 KHz to 750 KHz. This frequency range is found by try and error 
method.  The amplifier was set to 20 dB amplification. 
3.5.2  PZT Transducers 
Angle beam transducers use the principles of refraction and mode conversion to 





Fig. 3-21: Operating principle of an angle beam PZT transducer. 
High temperature wedges are available for welding application. However, long 
term use in high temperature environment is not recommended even for the high 
temperature wedges because the heat will be transferred to the transducer after the wedge 
is exposed to the high temperature for an extended period of time.  
The angle beam PZT is connected to a MR101 receiver in a Tektronix TM503B 
main frame. The PITCH/CATCH mode is used so that MR101 only receives ultrasonic 




4. CHAPTER IV 
 
IMPLEMENTATION AND ANALYSIS OF FIBER PHASED ARRAY 
The principle of a phased array is briefly presented in Chapter II and the 
components utilized to construct the phased array generation unit are discussed in 
Chapter III. In this chapter, the implementation of the fiber phased array into the weld 
penetration depth monitoring system and analysis of the fiber phased array performance 
are discussed in detail. 
4.1 OPTIMAL COUPLING OF LASER LIGHT INTO FIBER BUNDLE 
4.1.1  Fixture Design 
The fibers at the laser end are configured as a circular bundle. Handling 21 fibers 
with polyimide jacketing removed is a very difficult task. Great care must be taken not to 
break the bare fibers. As shown in Fig. 4-1, a fixture is designed to hold the 21-fiber 
bundle so that the fibers are free of stress and the bundle is not yet loose. A tube-like 
fiber holder is designed to configure the fibers into a circular bundle. The fiber holder is 
placed in a fiber clamp purchased from Newport Corporation. The clamp slips over the 
end of the fiber holder and grips fibers and the tube. Then the tube and the clamp are 





Fig. 4-1: Fiber chuck at the laser end. 
The inner diameter of the tube holder is determined in such a way that it holds the 
21 fibers without causing stresses or strains on the fibers. The minimum diameter of the 
fiber bundle can be found in AutoCAD by virtually arranging the 21 fibers in a drawing, 
as shown in Fig. 4-2. The actual tube size is a little bit larger than what was found from 
AutoCAD and it is determined by try-and-error method. A series of holes are drilled with 
the diameters around the value determined by AutoCAD, and the right dimension is 
chosen by trying 21 fibers into the holes. Fig. 4-3 shows the actual tube design. 
 
Fig. 4-2: Using AutoCAD to find out the smallest circle size to hold 21 fibers. The tube 











Fig. 4-3: Fiber bundle holder tube. 
4.1.1  Laser Tune-up 
The laser needs to be tuned very carefully to get rid of “hot spots” and achieve a 
better uniformity in its spatial distribution. This is critical to ensure an even distribution 
of laser energy over the fiber bundle. If the laser optics is not properly tuned, the energy 
distribution over the laser beam could be asymmetric and non-uniform. Fig. 4-4 shows 
the laser profiles recorded by a thermal sensitive paper. The brighter color means higher 
laser power energy.  
  
(a)   (b) 
Fig. 4-4: Laser profile on a thermal sensitive paper. (a) Before laser was tuned; (b) After 




4.1.2  Fiber End Preparation 
The advantages of delivering light through optical fibers for laser generation of 
acoustic waves include flexibility and the possibility of achieving virtually any desired 
source configuration. However, since high optical power density (often of the order of 
107 W/cm2 or more for ablation) is required for efficient ultrasound generation, the 
implementation of the fiber optic delivery is not an easy task to perform.  
Particular care must be taken in preparing the fiber surfaces and constructing the 
bundle. The fiber end preparation includes cleaving and polishing. The quality of the end 
preparation has a large effect on the amount of energy transmitted.  For example, an 
imperfect cleave (chip on the edge) results in loss of surface area for launching the light 
into the fiber.  End finish also affects the fiber damage threshold.  At the laser end, the 
polyimide jacketing is dissolved by placing the end of the fiber in a hot solution of 
sulfuric acid.  Care must be taken that no residue is left on the fiber: residue causes the 
fiber to fail even at low laser power.  After the removal of the polyimide jackets, the 
individual fibers are cleaved and then polished with an initial 15 µm aluminum oxide grit 
followed by a 3 µm grit. After all of the fiber ends are carefully prepared, they are 
aligned and arranged into the tube holder.  
4.1.3  Laser Energy Distribution among the Fiber Bundle 
First of all, the 21 fibers are coded with different colors for three different sources. 
The 2 m fibers are coded as red, 52 m fibers as green, and 102 m fibers as blue. In each 




Fig. 4-5 shows the actual arrangement of the 21 fibers in the circular bundle. The 
distribution of the 21 fibers at the laser end is randomly arranged. After the fibers are 
chucked at the laser end, each individual fiber can be identified by watching them 
through a magnifier, and blocking the light coming in a particular fiber from other end. 
When the fiber is blocked from other end, it becomes dark in the circular bundle and its 
location is identified. 
   
(a)     (b) 
Fig. 4-5: Arrangement of fiber bundle at the laser end. (a) Picture taken through a 
magnifier. (b) Illustration of the coded and numbered fibers in the circular bundle. 
The output powers from each of the 21 fibers have been measured by the laser 
power meter described in Section 3.2.5 to evaluate the coupling performance. Fig. 4-6 
shows the results for two cases: before and after the laser is tuned. The results show that 
the tuning of the laser makes a big difference in both the magnitude and the uniformity of 
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(b) 
Fig. 4-6:  Laser power distribution among the 21 fibers of the phased array. (a) Before 
laser is tuned. (b) After laser optics is tuned. 
4.2  FIXTURE AT THE DISTAL END 
A robust fixture at the distal end of the phased array is mandatory to attach the 




parameters should be adjustable: 1. the distance between the fiber ends and the lens 
surface; 2. the distance between the three fiber line sources. The first parameter is used to 
make the unit capable of generating ultrasounds in either thermoelastic or ablative regime, 
as the task may demand. The inter-element spacing of the fiber phased array is one of the 
parameters to control the steered angle of the ultrasonic waves. 
 
Fig. 4-7: Fixture at the distal end. 
4.3  CALIBRATION OF PHASED ARRAY TIMING  
The designed time lag between the phased array sources is 0.246 µs based on Eq. 
2-8. To verify this value, the timing of the fiber phased array is measured with a simple 












Fig. 4-8: Circuit to detect the laser timing. 
The laser outputs from the fibers of the three line sources are monitored with the 
circuit shown in Fig. 4-8. A real-time digital oscilloscope is used to acquire and record 
the output V0 with a sampling rate of up to 100 MHz. The Fixed Sync Out from the laser 
power supply is used to trigger the oscilloscope. Fig. 4-9 shows the measurements of the 
outputs for the three phases and the bare laser. The rising edge represents when the laser 
energy is received. Although the laser energy is a very short pulse, the signals received 
by the photo transistor show a step function. The reason is that the photo transistor is 
saturated by the laser energy and the photo transistor remains on for quite a while even 
after the laser pulse is cut off. The peak on a signal appeared right after the rising edge is 
considered as the laser pulse peak. This can be verified by the fact that the peak of the 
bare laser, which measures at st µ167.0= , agrees well with the value of sµ170.0  given 
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2 m fiber output 
52 m fiber output 
102 m fiber output 
 
Fig. 4-9: Measured timing of laser outputs from three fiber phases and directly from laser. 
When peak value is used, the time delay between the output directly from laser 
and the output from 2 m fiber is sµτ 02.00 = . The time lags between the outputs from the 
different phase sources are shown in Table 4-1. The discrepancy between the designed 
value and the measure value could be caused by the measurement and the fiber length.  
Table 4-1: Time lags between the three phases of the fiber phased array. 
Time lag 
Designed value 
( sµ )  
Measured value 
( sµ ) 
Error  
(%) 
Between 2 m fibers and 
52 m fibers: 1τ   
0.243 0.246 1.2 
Between 52 m fibers and 
102 m fibers: 2τ   




4.4  FIBER PHASED ARRAY ANALYSIS 
The goal of the phased array is to steer the generated ultrasounds to the desired 
direction where the receiver is aligned. The steering behavior of the ultrasound generated 
by a phased array is predicted by Eq. 2-7, which can be used as a theoretical guideline for 
the phased array design and optimization. Note that the steering angle φ  is not the 
direction in which the maximum ultrasound will be received. The resultant ultrasonic 
directivity pattern will be the product of the one generated by a single source and the 
array factor ( )φθ ,aI . The shear wave and the longitudinal wave are optimized at different 
directions with the same phased array configuration because the steering angle is 
wavelength dependent. Thus, the phased array has to be optimized based on the 
ultrasonic wave type, frequency, etc. 
The directivity pattern is usually plotted in a polar coordinate system and the 
same propagation distance for any angle is assumed. This kind of plot can be obtained 
experimentally by using a semi-cylinder. However, the polar representation of directivity 
pattern will only give a rough idea of how the phased array works for the source/receiver 
configuration shown in Fig. 4-10. The situation in this application is more complicated 
than in the case with a semi-cylinder. First, the ultrasounds propagating along the 
different angles travel different distances before they are picked up by the receiver. So, 
when designing and optimizing the phased array, attenuation as a function of distance has 
to be taken into account. Second, both reflection and diffraction are angle (and hence 
location) dependent. Third, the receiving angle changes along the measuring locations 
and the receiver directivity will contribute to the measured results. As shown in Fig. 4-10, 




extreme case is D = 0). The corresponding angle θ  varies from a certain angle minθ  to the 
extreme case 90°. The best signal strength can be obtained if the phased array can be 















Fig. 4-11: Schematic of Cartesian representation of the directivity pattern. 
When plane wave is assumed, the geometrical ray theory can be applied to derive 
the equations for calculating the ultrasound arrival strength. Assuming single reflection 
(or diffraction), the ultrasound received at different location can be expressed by Eq. 4-1. 
( ) ( ) ( ) )()( xRxrxAxTxu =  Eq. 4-1 
where T(x) and R(x) are the source and receiver functions, A(x) takes into account 
distance dependent attenuation, and r(x) is the reflection (diffraction) coefficients. A 





4.4.1: Phased Array Source Function 
The ultrasound component along certain angle θ  will bounce back based on the 
reflection law when it reaches the bottom and gets to the upper surface at the position x  
and then picked up by a receiver. When a Cartesian plot shown in Fig. 4-11 is used to 
predict and evaluate the phased array performance, the ultrasound receiving location x  
needs to be mapped to angle θ  at which the ultrasound is generated and received. This 








xx 2/tan 1θ  Eq. 4-2 
Plugging Eq. 4-2 into Eq. 2-6 gives the Cartesian representation of the directivity 
pattern )(xT  of the phased array source, which is the source function with respective to 
the location x  as shown in Eq. 4-3. 
( ) ( )φθθ ),()()( xIxuxT ae ⋅=  Eq. 4-3 
Fig. 4-12 and Fig. 4-13 show the comparison of the polar and Cartesian 




























         (a)                       (b) 
Fig. 4-12: Directivity pattern of an ablative phased array source for shear wave (d = 1.5 
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         (a)                       (b) 
Fig. 4-13: Directivity pattern of an ablative phased array for longitudinal wave (d = 1.5 





4.4.2: Attenuation Factor 
Earlier research results show that the laser-ultrasonic attenuation is exponential 
along the propagation path and dependent on the material microstructure and ultrasound 
wavelength [Aussel and Monchalin, 1989; Scruby, Smith and Moss, 1986]. The 
exponential attenuation is expressed by Eq. 4-4, where K  is a constant determined by the 













 Eq. 4-4 























Fig. 4-14: Exponential attenuation factor. 
4.4.3: Reflection Coefficients 
The coefficients for the reflection of plane longitudinal (Eq. 4-5) and shear waves 

























=  Eq. 4-6 
where, 
PPR : Reflection coefficient for longitudinal waves  





k = : Ratio of the longitudinal wave velocity to the shear wave velocity  
θ : Angle measured away from surface normal 
4.4.4: Receiving Sensitivity as a Function of Angle 
The receiving sensitivity of the EMAT is made available by BWXT Services who 
has characterized the EMAT. Both 1.0 MHz longitudinal and shear wave are measured 
and shown in Fig. 3-16 and Fig. 3-17. 
4.4.5: Experimental Measurement with EMAT 
The ultrasound is measured by an EMAT to evaluate the phased array generation 
source with the configuration shown by Fig. 4-15. Ultrasound is generated in a 12.7 mm 
thick steel plate by the phased array, and measured by an EMAT at different locations 




objective), the EMAT does not have access to the vicinity of the ultrasound generation 
point. The measurements are made in the range of mmxmm 25069 ≤≤ , where the 
phased array – EMAT distance will be. Fig. 4-16 shows the typical ultrasonic waveforms 
at different locations. It shows that the ultrasound is much stronger at one side than the 
other. This is the results from the steering effect of the phased array generation. Fig. 4-17 
gives the comparison between theoretical and experimental measurements of ultrasonic 
signal strength in a plate. The magnitude is scaled so that they can be compared. At the 
measuring range, the theoretical prediction matches the experimental measurements very 
well.  
   
(a)     (b) 





























Location = 107 mm 
Location = 133 mm 
Location = 69 mm 
Location = -101 mm 
Location = -69 mm 
Location = -139 mm 
 
Fig. 4-16: Ultrasonic signals received at different locations. 
 














Fig. 4-17: Comparison between theoretical and experimental measurements of ultrasonic 




4. 5  INFLUENCE OF THE SINGLE LINE SOURCE SIZE 
The fiber phased array is implemented with three line sources. Each of the three 
line sources is composed of 7 single 400 µm silica fibers shown in Fig. 4-18.  
 
Fig. 4-18: Configuration of the single line source. 
Strictly speaking, the ultrasounds generated from each source propagate along the 
slightly different distances before they reach the receiving point. In order for the 
ultrasonic fields generated from each of the 7 fiber sources to reinforce at the receiving 
location, the phase difference introduced by the different propagation path for each 
source must be significantly small. This can be guaranteed if the maximum propagation 
path difference is significantly small compared to the ultrasound wavelength.  
For the shear wave with the propagation velocity of 3240 m/s, the ultrasound 
wavelength ranges from 0.162 mm to 6.48 mm for the frequency range of 0.5 MHz to 
20MHz. For the longitudinal wave with the propagation velocity of 5960 m/s, the 
wavelength ranges from 0.30 mm to 11.92 mm. With the configuration shown in Fig. 



















receiving point and fiber 4 travels the shortest. The path lengths for all of the 7 individual 





















 Eq. 4-7 
where, 
d: single source diameter; 
D:  source-receiver distance; 
s1 – s7: Ultrasound propagation path for seven fiber sources. 
With D = 50 mm, and d = 0.25 mm (The laser spot incident on the sample surface 
has a diameter of half of the fiber’s after the 0.5X focusing objective), the biggest 
difference in propagation paths is s1 – s4 = 50.0056 – 50 = 0.0056 mm. This difference is 
only about 3.4% of the smallest ultrasound wavelength of interest (0.162 mm). Thus, it 
can be assumed that the size of the line laser source has little destructive effect on the 
amplitude of the ultrasound received at receiving point. Based on Eq. 4-7, the source-





Fig. 4-19: Source-destination distance for 7 individual fibers. 
To quantitatively analyze how the line size affects the single source performance, 
an analytical simulation is conducted with Matlab. It is assumed that the ultrasonic field 
generated by each fiber has the same amplitude A at source and B after they travel to the 































7 2, 1,),sin()( K
 Eq. 4-8 
where, 
)(tuSi : Ultrasonic fields generated at the source; 
)(tu Ri : Ultrasonic fields at the receiver location; 
v: Speed of ultrasound; 
ω : Angular frequency of ultrasound ( fπω 2= );  
si: Propagation path of ultrasound from source i. 





























The resultant ultrasonic field at the receiver location is the superposition of the 















stBtu ωω  Eq. 4-9 
Without the difference on the propagation path, all the )(tuRi  should be 
completely in phase and )(tuRs  should have an amplitude of 7*B. With the phased 
difference introduced by the propagation path difference, the resultant ultrasonic field has 
an amplitude that is less than 7*B. A Matlab program has been written to calculate the 
amplitude of )(tuRi . Fig. 4-20 shows the simulated result for frequency range of 0.5 ~ 20 
MHz. The amplitude becomes smaller as the frequency increases since the wavelength is 
inversely proportional to the frequency. However, the decrease in amplitude for the entire 
range is so small (<0.36%) that it can be neglected.  
 
Fig. 4-20: Ultrasonic field amplitude at receiving point for 0~20 MHz. 


















In conclusion, the size of the line source will have more destructive effect at 
higher frequency. In this particular application, the decrease of the amplitude is less than 
0.1% in the frequency range 0.5 ~ 2 MHz in which the EMAT receiver operates. So the 





5. CHAPTER V 
 
PARAMETRIC MODELING OF GMAW FOR TEMPERATURE 
DISTRIBUTION 
The remote, real-time temperature measurement in welding process is not readily 
available while the temperature distribution is desired for ray-tracing algorithm. 
Furthermore, such sensors would only be applicable to the surface temperatures. The 
Finite Element Analysis (FEA) has been proven to be a very economic and efficient 
approach to obtain the temperature distribution in welding [Prasad and Narayanan, 1996; 
Kannatey-Asibu, et al., 1989; Goldak, et al, 1986].  
5.1  FE MODELING OF TEMPERATURE DISTRIBUTION IN WELDING 
5.1.1  Fundamental Principles 
A.  Heat Equation 
Based on the principle of conservation of energy, the heat equation is described 


















































c : Specific heat capacity (J/kg°C)  
ρ : Density of the material (kg/m3) 
k : Coefficient of thermal conductivity (W/m°C) 
vQ : Heat energy released or consumed per unit of volume (J/m
3) 
Due to the complicated metallurgical changes in the work piece during the 
welding process, it is difficult to formulate an exact mathematical model of welding 
process. Appropriate simplifications and assumptions are necessary to make the 
simulation feasible in commercial FEA packages such as Ansys.  
B.  Initial Conditions:  
The initial condition is usually the location-constant temperature of the 
surrounding medium or of preheating; in exceptional cases also a certain temperature 
distribution. For this specific case, the initial condition is the location-constant 
temperature of the surrounding medium of 25°C. 
C.  Boundary Conditions: 
The boundary conditions are used to describe the heat exchange between the plate 
and its surroundings, the conditions of heat dissipation at the boundary surfaces of the 











k : Coefficient of thermal conductivity (W/m°C) 
α : Heat transfer coefficient for convection (W/m2°C) 
σ : Stefan-Boltzmann constant (5.67x10-8 W/ m2°C 4) 
ε : Emissivity 
0T : Ambient temperature (°C) 
The three terms in Eq. 5-2 are used to describe thermal conductivity, convection, 
and radiation respectively. The upper surface area experiences forced convection because 
of the flow of the shielded gas, while the other sides of the weldment experience natural 
convection. These two convection boundary conditions are described by different 
convection heat coefficients: fα  = 50 W/m
2°C for forced convection and nα  = 18 
W/m2°C for natural convection [Boo, Cho, 1990]. The radiation is characterized by the 
emissivity. For polished metallic surfaces, ε  = 0.2~0.4. For rough, oxidized surfaces of 
steel, ε  = 0.6~0.9. 
D.  Heat Source 
The welding heat source can be modeled as a moving point source, a moving line 
source, or a moving Gaussian distributed area source. The Gaussian distribution is 
preferred by most researchers because of its accuracy. In this project, an evenly 
distributed moving volume source is assumed for more accuracy. Based on earlier work 
[Radaj, 1992], the efficiency for the heat input of GMAW process is 0.65~0.90. A value 
of η  = 0.7 is used in this project. The net rate of thermal energy q  supplied by the 




UIq η=  Eq. 5-3 
where 
η : Heat transfer efficiency 
U : Welding voltage (V) 
I : Welding current (A) 
 
Then, the heat generation corresponding to the volume in which the heat input is 
applied can be derived by dividing the heat-input q  by the volume.  
The volume heat source (heat generation) is used for accuracy. In this case, the 
welding arc is modeled as a uniform volume heat source. The size of the volume source 










E. Material Properties for the Model: 
For an accurate simulation result, the temperature dependent material properties 
are adopted, which are summarized in Table 5-1.  
Table 5-1: Properties of mild steel [Radaj, 1992; Goldak, et al., 1986]. 
Temperature (°C) 0 200 400 600 800 1000 1500 
Coefficient of thermal 
conductivity  
k (W/m°C) 
62 53 45 36 33 --- --- 
Densityρ (kg/m3) 7860 7800 7750 7680 7600 7530 --- 
Enthalpy (J/m3) x109 --- --- --- 1.2 --- --- 10 
Specific heat capacity c 
(J/kg°C) 600 
5.1.2  ANSYS Modeling 
 The ANSYS model for the welding temperature distribution is generated using 
ANSYS Parametric Design Language (APDL).  Using APDL, as opposed to the 
Graphical User Interface (GUI), provided much greater flexibility in regard to altering 
geometric features, mesh spacing, boundary conditions, and applied loads.  
A.  Geometric Modeling  
In order to take advantage of the symmetry and reduce the computation cost, only 
one of the two plates is modeled. The plate measures 101.6 x 203.2 x 12.7 mm (4" x 8" x 
0.5"). As shown in Fig. 5-2, the entire half plate is modeled as four volumes. In this way, 




must be glued together before meshing is performed. If only one entire volume is defined, 
the mapped meshing is not allowed by Ansys.  
 
Fig. 5-2: Geometric modeling: the plate is modeled as 4 separated volumes. 
B.  Meshing:  
Solid 70, a 3-D thermal brick element is used to mesh the whole volume. This 
element has eight nodes with a single degree of freedom, temperature, at each node. The 
element is applicable to a three-dimensional, steady-state or transient thermal analysis. 
The vicinity of the weld path is meshed with finer elements because it has a 
greater temperature gradient than the rest of the model does. With all the information 
described above, the FEA simulation of the temperature distribution in welding process is 





Fig. 5-3: 3-D thermal solid element - Solid70. 
 




C. FEA Simulation Results 
The simulation takes about 2 hours of the machine time for a 2.0 GHz Pentium 4 
PC. Fig. 5-5 shows the temperature profiles at three time periods: t = 9 second (when 
welding torch reaches the middle of the weld), t = 18 second (when welding torch reaches 
the end of the weld), and t = 100 second (after it cools down for about 80 seconds). The 
results look like the wake caused by a ship moving in the water, which is expected. Since 
the welding arc moves relatively fast across the plates than the heat propagates in the 
direction perpendicular to the welding direction, the wake is very narrow. 
 
Fig. 5-5: Simulation results at three time periods 
To verify the simulation results, the time history expression of the temperature 
profile at certain locations is desired to be compared to the experimental measurements. 
Fig. 5-6 shows the temperatures at six locations outlined by Fig. 5-7. 





Fig. 5-6: Time history expression of the temperature profile at certain locations. 
5.2 EXPERIMENTAL MEASUREMENT OF TEMPERATURE PROFILE DURING GMAW 
5.2.1  Measuring Setup 
To verify the FEA model developed in last section, the temperatures are measured 
at 6 selected locations on both top and bottom of the weld samples, as shown in Fig. 5-7 
and Fig. 5-8. An acquisition card, DaqBoard 112 from Omega Engineering, is used to 
acquire the temperature measurements from the 6 thermocouples. This card has sixteen 
input channels that are capable of performing A/D conversions at 100 kHz per channel, 
and two output channels that are capable of generating ±5V analog output signals. An 










the thermocouples and the acquisition card. Hi-temperature inconel overbraided ceramic 
fiber insulated thermocouples are used in this measurement. This type of thermocouples 
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Fig. 5-7: Temperature measuring configuration. Four thermocouples are placed on the top 
(3.175 mm deep) and two thermocouples are placed on the bottom (3.175 mm deep). 
    
 (a)      (b) 
Fig. 5-8: Welding samples with holes to hold thermocouples. (a) Sample 1 that shows 
holes in the middle. (b) Sample 2 that shows thermocouples placed in the holes and taped 




5.2.2  Comparison of Experimental and Simulation Results 
The temperature measurements are performed with the GMAW of two 1018 mild 
steel samples. The temperature profiles in time history at the six selected locations are 
recorded with the thermocouples. The measurement is repeated four times with the same 
setup and same welding parameters. The four measurements are then averaged to obtain a 
relatively reliable temperature profile.  
Fig. 5-9 shows one of the temperature measurements and Fig. 5-10 shows the 
average of the four measurements. The averaging reduces both noise caused by the 
welding process and the deviation cased by the measuring location perturbation. A signal 
from robot controller is also recorded that indicates the welding period, as shown in the 
two figures.  
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Fig. 5-9: Temperature profile measured with sample 1. (Welding voltage = 25V; Welding 
































Fig. 5-10: Average of four measurements of temperatures (Welding voltage = 25V; 
Welding current = 250 A; Wire feed rate = 500 in/min; Welding speed = 0.5 in/sec) 
The time history temperature profiles from both FE simulation and experimental 
measurements are compared in Fig. 5-11. The simulation results agree well with the 
experimental measurement at the specified locations. The maximum difference between 
peak values is 33°C(9.7%) at location ①.  
This discrepancy between the simulation and experimental results may be caused 
by either simulation or experiments. In FE simulation, the uniformly distributed volume 
heat source is a simplification from the real situation. The heat efficiency and boundary 
conditions are estimated. In the experiments, the thermocouple measuring bead size 
ranges from 1 mm to 2 mm. So the measurement of the temperature would be an average 
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Fig. 5-11: Comparison of experimental and simulation results of temperature distribution. 






6. CHAPTER VI 
 
3-D RAY TRACING OF ULTRASOUND DURING REAL-TIME WELDING 
Due to temperature gradient around the weld and the temperature dependence of 
the ultrasound propagation speed, ultrasound ray bending associated with the ultrasound 
velocity change occurs. The propagation of the ultrasound is no longer a straight line and 
its real path requires a ray tracing algorithm to find out. Ray tracing problems have been 
studied in geophysics for seismic modeling [Sadeghi et al., 1998; Grechka et al., 1996].  
However, the ray tracing algorithms developed so far in geophysics can not be directly 
applied to the welding case. A 2-D ray tracing based on Snell’s law has been studied and 
applied on ultrasonic wave propagation in temperature gradients [Johnson et al., 1987]. 
In this research, a 3-D ray tracing algorithm based on Fermat’s principle is presented.  
First of all, a set of ray equations are derived from Fermat’s principle using calculus of 
variations. Unlike Snell’s law, the derivation directly from Fermat’s principle does not 
require the assumption of discrete plane layers and works for both 2-D and 3-D cases.  
Then, with the temperature field (and then ultrasound speed field) within the weld sample 
obtained by FEA, Runge-Kutta method is applied to solve the initial value ray equations 
and the shooting method is applied to solve the boundary value problem to obtain the ray 
path specified by the source and the destination.  After the curved ray path is obtained, 




geometric analysis, an analytical relationship between the ToF and the penetration depth 
can be established by repeating the ray tracing algorithm for different penetration depths. 
Experimental measurements of ToF have been performed to validate the numerical 
results. Experiments are discussed in Chapter 7. 
6.1  DERIVATION OF 3-D RAY TRACING EQUATIONS BASED ON FERMAT’S PRINCIPLE 
Fermat’s principle states that a ray path between any two points P0 and P1 is a 
path of minimum propagation time [Weinstock, 1952]. Shown in Fig. 6-1, the 
propagation time from P0 to P1 is expressed by Eq. 6-1, where n(x,y,z) is used to denote 
the slowness, namely the reciprocal of speed v(x,y,z).  
 


















dsdtT  Eq. 6-1 
When the ray path is expressed by a parametric form with the independent 
variable t (note that the independent variable t could be time, but not necessarily), the 





























=  Eq. 6-2 











dtzyxzyxFdtzyxzyxnT &&&&&&  Eq. 6-3 
where:  
dtzyxzyxnzyxzyxF 222),,(),,,,,( &&&&&& ++=  Eq. 6-4 
According to the calculus of variations, the minimum of the integral expressed by 


























































 Eq. 6-5 
Plugging the expression of 222),,(),,,,,( zyxzyxnzyxzyxF &&&&&& ++=  into Eq. 



















































































Since the ultrasound velocity in weld specimen does not have a closed form 
expression, Eq. 6-6 can not be solved analytically and a numerical technique has to be 
sought to solve the ray equations and obtain the ray path. Eq. 6-6 are second order 
differential equations and it is extremely difficult (if not impossible) to directly solve 
them numerically. In order to rewrite Eq. 6-6 and express them as six first order 
equations, the unit tangent vector I = (ix, iy, iz) is introduced and its three components are 













 Eq. 6-7 
By combining Eq. 6-6 and Eq. 6-7, Eq. 6-8 is derived. 
( )( ) ( )
( )( ) ( )
















































 Eq. 6-8 
When the independent variable t  is considered as time, we have 
222 zyxv &&& ++=  and vn 1= . Plugging the expressions of v and n into Eq. 6-8 and 


























































 Eq. 6-9 
Given the initial values of the source location X and propagation direction I, and 
the velocity (slowness) field over the region of interest, the entire ray path can be found 
by numerically integrate Eq. 6-7 and Eq. 6-9. The numerical method for solving this 
problem is discussed next in more detail.  
6.2  NUMERICAL SOLUTION OF RAY EQUATIONS 
6.2.1  Ultrasound Velocity Field in Weld Specimen 
Ultrasound speed is dependent on temperature. With the temperature distribution 
obtained by FEA, the ultrasound speed can be determined using empirical relationships 
between the temperature and the ultrasound speed.  
Scruby and Moss have measured ultrasonic velocity in mild steel and published 
their results for longitudinal and shear waves over the temperature range of 17 - 1200°C 
[Scruby, Moss, 1993]. Some of the material properties such as Poisson’s ratio, Shear 




With shear wave speed and Poisson’s ratio known, the surface wave velocity can 








tR CC  Eq. 6-10 
where,  
:σ Poisson’s ratio 
:RC Rayleigh surface wave velocity 
:tC Shear wave velocity 
 



















Longitudinal wave Shear wave Surface wave
 
Fig. 6-2: Ultrasonic compression and shear velocity of mild steel as a function of 




With the simulation results from Chapter VI, the velocity field (slowness filed) 
within the steel sample can be derived, which will be employed in the ray tracing 
algorithm to obtained the curved ultrasound propagation path numerically. 
6.2.2  Numerical Technique to Solve Boundary Value Ray Tracing Problem 
Given the initial values of source location and propagation direction, and the 
velocity field obtained from 6.2.1, the entire ray path can be found by numerically 
integrating the ray equations given by Eq. 6-9. In most of the real world applications, 
however, the ray tracing problem is a two-point boundary value problem, which means 
the source location and the destination location are give. 
For initial value problems, it is possible to start an acceptable solution at its 
beginning (initial values) and just march it along by numerical integration to its end (final 
values). For the two-point boundary problems, the boundary conditions at the starting 
point do not determine a unique solution to start with - and a “random” choice among the 
solutions that satisfy these (incomplete) starting boundary conditions is almost certain not 
to satisfy the boundary conditions at the other specified point. The shooting method can 
be used to solve the two-point boundary value problems. The strategy is iteration on the 
initial problem approach until the ray path arrives at the specified destination within a 
preset tolerance.  
Since the shooting method is based on iteration on the initial problem approach, 
the numerical techniques for solving initial value problems serve as the fundamentals for 




most commonly used initial value approaches are discussed. They are Euler’s method and 
Runge-Kutta method.  
A. Euler’s method 
Euler's method is a basic numerical approach for solving initial value problems. In 
Euler’s method, linear approximation is used to get the next point. It is a first-order 
method and hence relatively inaccurate and unstable.  
The general formula for Euler's method is briefly introduced [Chapra and Canale, 
1998]. Suppose that the goal is to solve the ODE expressed by Eq. 6-11 and to determine 
)(ty .  
00 )(),( ytyytfy ==&  Eq. 6-11 
First, the independent variable t  (usually time in most real world applications) is 
discretized into small subintervals over the entire interval [ ]Tt ,0 .  The method does not 
require the subintervals to be equally spaced.  
When the slope at kt  is used over the subinterval [ ]1, +kk tt  and the kth interval size 
is kkk tth −= +1 , Eq. 6-12 can be derived to estimate the function )(ty . This formula is 
referred to as Euler’s method. 
kkkkk hytfyy ),(1 +=+  Eq. 6-12 
B. Runge-Kutta method 
Euler’s method uses straight-line segments to approximate the solution and it is 




the derivative at the beginning of the interval is assumed to apply across the entire 
interval. Runge-Kutta method is a modification to help circumvent this shortcoming. 
Runge-Kutta method computes 1+ky  from ky  in several stages. The most popular Runge-














































 Eq. 6-13 
To solve the ray tracing problem with Runge-Kutta method, six first-order ODEs 
shown in Eq. 6-9 need to be solved simultaneously. In Eq. 6-9, the slopes for xi , yi , and 
zi  involve ( )vdt












∂ . These differentials can be 
replaced with differences calculated from the velocity field.  
C. Shooting method 
For the shooting method, the initial direction of the ray traced is assumed to be 
parallel to the straight line connecting the source and destination. Then the initial problem 
is numerically solved by integrating along the path until one of the coordinate 
components (let’s take x) reaches the destination. The other two coordinate components 
(y and z) are compared to the boundary values. If they are within the preset tolerance, the 
shooting procedure ends and the ray path obtained is considered the actual path for 




error (difference between the actual location and the numerically traced location). The 
shooting method is very efficient and three or four iterations will bring the traced 
destination location to the specified boundary value within 1 micro. The algorithm is 
depicted in Fig. 6-3. 
Solving initial value 
problem by Euler method 











tion based on error 
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Fig. 6-3: Numerical algorithm to solve boundary value ray tracing problem. 
6.3  NUMERICALLY TRACED RAYS FOR SHEAR WAVE 
The ray tracing algorithm is applied on half of the weld sample (illustrated in Fig. 
6-4) and the ray path for shear wave is traced. As shown in Fig. 6-5, the propagation of 




ray connecting the ultrasound source and the tip of weld is bent downwards at the vicinity 
of weld tip. This bending agrees with the Fermat’s principle because the ray tries to find 
its way with higher traveling speed (lower temperature) so that it will take the least time 




Fig. 6-4: Schematic of weld cross-section. Demonstrated in Fig. 6-5 is left half plate and 
path s1 traced for shear wave.  
 
 
Fig. 6-5: Ray traced for shear wave. 
Path with temperature gradient






6.4  NUMERICAL TOF 
Once ray is obtained numerically, ToF can be determined by integrating time with 
Eq. 6-14 along ray path (refer Fig. 6-4). Over a series of weld penetration depths, ray 
tracing is performed and ToF can be determined. Although absolute ToF is obtained in 
this case, relative ToF (relative to a reference value) is desired because it is more relevant 
to the applications. Relative ToF (relative to that with penetration depth of 5.5 mm) over 
penetration depth is plotted in Fig. 6-6, which will be compared to experimental results in 








dsToF  Eq. 6-14 




















With temperature gradient 
Without temperature gradient 
 




7. CHAPTER VII 
 
EXPERIMENTAL MEASUREMENT OF WELD PENETRATION DEPTH 
7.1  MAPPING TOF TO WELD PENETRATION DEPTH 
The weld penetration depth can be estimated from the received ultrasound in the 
following sense. When the welding torch passes, the intensive heat inputs from the 
welding arc melt the base material and the filling wire and the weld pool forms. 
Afterwards, the weld pool starts to cool down and solidify. After a certain period of time 
a solid shell around the liquid pool is formed so that shear wave starts to propagate 
through the weld bottom, shown by Fig. 4-10. For this reason, the phased array and the 
EMAT sensing system need to be placed at a lag behind the welding torch. The lag is 
referred as the torch-sensor distance tsd  as shown in Fig. 7-1. In this research project, 
experiments are conducted with the sensing system stationary. Since the ultrasounds are 
collected continuously at the rate of the laser firing frequency (10 Hz), the measured ToF 
can be correlated to the weld penetration depth at various torch-sensor distance tsd  (when 
welding speed is given, its corresponding lag time tst  is given as v
dt tsts = , where v  is the 
welding speed). The optimized tsd , at which the best correlation between measured ToF 




 Welding torchArray source 





Fig. 7-1: Illustration of torch-sensor distance. 
The focus of this research is to establish the relationship between the ToF and the 
weld penetration depth. Once this relationship is established, the penetration depth can be 
obtained in real-time from the measured ultrasound ToF. 
When a constant ultrasound velocity is considered, the relationship between the 
ToF and the penetration depth can be obtained by a simple geometric analysis. In reality, 
however, the traveling speed of ultrasound depends on temperatures. Welding process 
produces a temperature field with large gradient, especially in the vicinity of the weld 
pool. To accurately map the measured ToF to the weld penetration depth, temperature 
dependent propagation speed of the ultrasound and the ray bending of the ultrasound 
must be taken into account.  
First, the case without ray bending is considered. As shown in Fig. 7-2, the 
ultrasound diffracted at the bottom of the weld bead reaches where the EMAT is placed. 
The ultrasound speed changes along the traveling path because of the temperature 
gradient. The relationship between the ToF and the penetration depth D is obtained by the 





































































dlToF  Eq. 7-2 
Apparently, the relationship between ToF and weld penetration depth D is non-
linear. While the ToF can be evaluated when a penetration depth is given with a closed 
form equation expressed by Eq. 7-2, no closed form equation can be derived to evaluate 
the penetration depth D for a given ToF.  There are two solutions for this problem. One is 
to make a table to tabulate the relationship between ToF and D. Whenever a ToF is 
measured, the computer will look up the table to correlate the ToF to its corresponding 
penetration D. The second approach is linearization around the desired penetration D. By 
linearization, the small change of penetration Dδ  is related to the change of ( )ToFδ by a 
linear factor K, shown by Eq. 7-3.   
Assume the weld penetration depth varies by a small amount. The relationship 
between ToF and penetration depth can be considered linear. The linearization between 




penetration depth D. Shown in Eq. 7-4, K is evaluated at the desired weld penetration 
depth. Numerical method is used to evaluate the integration. 

































ToFK  Eq. 7-4 
When ray bending is considered, Eq. 7-2 and Eq. 7-4 are no longer valid. The ToF 
is an integration of time along the ultrasound path obtained by ray tracing analysis 
discussed in Chapter 6.  
7.2  TOF ESTIMATION BY CROSS-CORRELATION METHOD  
ToF refers to the time for the ultrasound to travel from the source to the receiving 
point. ToF technique is a relatively recent ultrasonic NDE technique. This method relies 
on the diffraction of ultrasonic energies from ‘ends’ of internal structures (such as weld, 
or crack) in a component under test. The change in ToF caused by the perturbation in 
penetration depth is expected to be very small. To be able to sense the difference, the ToF 
has to be estimated very accurately and reliably. ToF can be measured by applying a 
threshold on the signal, and then locating the time when the signal crosses the threshold 
[Miller, et al., 2002], or by locating the peak directly. When the signal-to-noise ratio is 
high and the amplitude is consistent, the methods using threshold or locating the peak 
give reasonably accurate estimate of ToF. However, when the signals are weak or 
distorted by attenuation and other factors (in welding environment), the above methods 




In this research, an advanced method based on the cross-correlation technique is 
developed to measure the ToF. Time delay measurements by cross-correlation method 
have been used successfully with conventional pulsed ultrasonic contact techniques 
[Aussel, Monchalin, 1989; Hull, Kautz, Vary, 1985]. Cross-correlation method eliminates 
the need for the criterion that is usually affected by distortion or low signal-to-noise ratios, 
and hence gives the most reliable and reproducible results in difficult cases like in 
welding environment. In this method, a reference signal with the distance between the 
source and receiving point known is measured ahead of time. The real-time ultrasonic 
signal is correlated to the reference signal by cross-correlation function. ToF difference 
between the real-time signal and the reference signal is estimated by locating the peak of 
the cross-correlation function. The fundamental principle of this technique is presented 
below.  
Assume that the reference signal )(txref  and the real-time signal )(txreal  are 
simply delayed and magnitude attenuated from the signal at the source )(ts  contaminated 
with random noises  )(1 tv  and )(2 tv , expressed by Eq. 7-5 and Eq. 7-6. 
)()()( 1 tvtsAtx refrefref +−= τ  Eq. 7-5 
)()()( 2 tvtsAtx realrealreal +−= τ  Eq. 7-6 
where: 
)(ts : Signal at source; 
)(txref : Reference signal received; 




refτ : Time delay from the source for reference signal; 
realτ : Time delay from the source for real-time signal; 
)(),( 21 tvtv : Random noises. 
Assume the noises are uncorrelated to each other and they are uncorrelated to the 
signals, the cross-correlation function between the reference signal and the actual real-
time signal can be rewritten as an auto-correlation function of the source signal )(ts . This 
result can be derived from the definition of cross-correlation, as shown by Eq. 7-7  
( ) { }
[ ][ ]{ }
[ ][ ]{ } [ ][ ]{ }
[ ][ ]{ } { }
)(      
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 Eq. 7-7 
where: 
)(τR : Cross-correlation function between )(txref  and )(txreal ; 
)(τssR : Auto-correlation function of )(ts ; 
It is a well established property that the auto-correlation )( refrealssR τττ +−  peaks 
at 0=+− refreal τττ . Thus, the difference refreal ττ − can be estimated from the )(τR  by 
locating the peak. 
With finite data record )(txref  and )( τ+txreal , Tt ≤≤0 , an unbiased estimate of 


















)()(1ˆ  Eq. 7-8 
For larger τ , there is less averaging in ( )τR̂  and the estimation becomes less 
reliable. A windowing function is usually applied to reduce this effect. The most 
commonly used windowing function is Bartlett window (triangular window). After the 
Bartlett window is applied, the estimate of the cross-correlation function is called biased, 











)()(1ˆ  Eq. 7-9 
7.3  NOISE CHARACTERIZATION  
When the auto-correlation of a noise is an impulse and its auto-spectrum is 
uniform, it is called white noise. In reality, however, almost all of the noises measured by 
equipment are band-limited because of the presence of the band-pass filter. A band 













 Eq. 7-10 
The autocorrelation function of the band limited white noise can be derived by 

















 Eq. 7-11 
This correlation function is a sinc function and it diminishes very rapidly, with the 
first zero crossing at ( )B21=τ , as illustrated in Fig. 7-3.  
 
Fig. 7-3: Idealized auto-correlation function for band limited white noise. 
It is noted that the validity of Eq. 7-7 is based on the assumption that the noises 
are uncorrelated to each other. To validate this assumption, the noises are measured by 
recording the EMAT output without firing laser. One measurement of the noise and the 
averaging of 32 noise measurements are compared in Fig. 7-4. It is shown that the noise 
can be reduced significantly to nearly zero by averaging and hence it is random noise. 
The stochastic characterization of the noise is shown in Fig. 7-5. Since their cross-






function looks exactly like the one from a band limited random noise (Fig. 7-3). The first 
zero crossing occurs at around sµτ 25.0=  (as shown in Fig. 7-6), which corresponds to a 
frequency band of MhzB 221 == τ  (band limit for the EMAT reception system). 
 






























Fig. 7-4: Measured noise.  
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Fig. 7-6: Zoom in of auto-correlation function of measured noise. 
7.4  WELDING EXPERIMENTAL SETUP CONDITIONS AND SPECIMEN PREPARATION 
7.4.1  Effects of Welding Parameters on Weld Penetration Depth 
The weld penetration depth is affected by most of the welding parameters such as 
electrode extension, welding torch angle, welding voltage, and welding current, etc. 
Table 7-2 summarizes the effects on the weld geometries by different welding parameters.  
The relationship discussed in this section can be used in the future to correct the 
welding process based on the real-time measurement of the weld penetration depth. In a 
controlled experiment, a range of the weld penetration depths could be realized by 
applying different welding parameters. However, the change on the welding parameters 




not be easily realized by changing welding parameters. The specimen preparation is used 
to achieve a desired range of penetration depth, which is discussed in the next section.  
Table 7-1: The effects of GMAW parameters on weld geometries [Smith, 1984]. 
Desired changes 
Penetration depth Deposition rate Bead size Bead width 
Welding 
variables to 
change         
Current and wire 
feed speed ↑ ↓ ↑ ↓ ↑ ↓ - - 
Voltage + + - - - - ↓ ↑ 
Travel speed + + - - ↓ ↑ ↑ ↓ 
Extension 
(Stickout) ↓ ↑ ↑ ↓ ↑ ↓ ↑ ↓ 
Wire diameter ↓ ↑ ↓ ↑ - - - - 
Gun angle Back hand 
Fore 





Legend:    -  No effect;     +  Little effect;     ↑  Increase;     ↓   Decrease 
7.4.2  Welding Scheme 
A Miller Pulse Welding machine and a General Electric P-50 robot are used to 
perform GMAW. The welding parameters include current of 250 A, voltage of 25 V, and 
wire feed rates of 500 in/min using 0.1143 cm diameter wire. The spray transfer mode is 
used with a wire-to-workpiece distance of about 0.5 inch. The welds are produced using 
direct current reverse polarity (DCRP).  The shielding gas is 75% argon and 25% carbon 
dioxide. 




Different welding currents have a large effect on the results obtained in gas metal-
arc welding. Optimum efficiency is achieved with DCRP. The heat in this instance is 
concentrated at the weld puddle and therefore provides deeper penetration at the weld. 
Furthermore, with DCRP there is greater surface cleaning action which is important in 
welding metals having heavy surface oxides such as aluminum and magnesium. Direct 
current straight polarity (DCSP) is impractical with gas metal-arc welding because weld 
penetration is wide and shallow, and spatter is excessive, and there is no surface cleaning 
action. The ineffectiveness of straight polarity largely results from the pattern of the 
metal transfer from the electrode to the weld puddle. Whereas in reverse polarity the 
transfer is in the form of a fine spray, with straight polarity the transfer is largely of the 
globular type.  
B.  Spray transfer: 
In spray transfer very fine droplets or particles of the electrode wire are rapidly 
projected through the arc plasma from the end of the electrode to the work piece in the 
electrode pointing direction. The droplets are equal to or smaller than the diameter of the 
electrode. While in the process of transferring through the welding arc, the metal particles 
do not interrupt the flow of current and there is nearly constant spray of metal. 
Spray transfer requires a high current density. With the higher current, the arc 
becomes a steady quiet column having a well-defined narrow incandescent cone-shape 
core within which metal transferring takes place. The use of argon or a mixture of argon 
and carbon dioxide is also necessary for spray transfer. Argon produces a pinching effect 
on the molten tip of the electrode, permitting only small droplets to form and transfer 




7.4.3  Specimen Preparation 
As shown in Fig. 7-7, the specimens are grooved in different sizes so that a 





1 mm  
Fig. 7-7: Specimen preparation. 
Seven pairs of samples are prepared with the groove depth gd  ranging from 0 to 6 
mm. Three sets of samples with grooves are prepared for 1 MHz PZT, 2.25 MHz PZT, 
and EMAT measurements.  
7.5  EXPERIMENTAL RESULTS AND ANALYSIS 
Experiments are conducted with fiber phased array as ultrasound generation and 
both PZT transducers and EMAT as receivers. The acquisition of the ultrasonic signals 
starts when the welding arc is initiated and terminates at 15 seconds after the welding 
process ends. Before the non-contact transducer EMAT is used as receiver, two PZTs 
with a high temperature angle beam (70º) wedge are used to investigate the possibility to 




7.5.1  PZT Reception of Ultrasound 
Two PZTs with center frequencies of 1.0 MHz and 2.25 MHz are used as the 
ultrasound receivers. A 70º angle wedge with high temperature capabilities is used to 
receive the diffractive shear waves.  The 70º angle is chosen because that is about the 
angle the ultrasound reaches the sample surface from the weld tip.  A fixture is designed 
and machined to hold the angle beam transducer in place and apply constant pressure 
upon it (that means consistent coupling efficiency) so that the location of PZT transducer 
is consistent between experiments and the signal strength is not influenced by the 
coupling. The fixture also serves as a shield and protection for the PZT transducer from 
the welding arc and spatter. The pictures in Fig. 7-8 show how the angle beam PZT 
transducer and its fixture work together. The fixture is machined with aluminum for light 
weight. All the surfaces with contact to the transducer are covered with rubber pads to 
protect the transducer. The rubber pads also slow down the heat transferred from the 
aluminum to the transducer. The top cover is connected to the main frame with two 
hinges and a spring is used to exert constant pressure on the transducer when the top 






    
a). PZT transducer with wedge       b) Fixture designed for PZT 
    
c) Fixture with angle beam PZT            d) Fixture with spring loaded top cover closed 
Fig. 7-8: Angle beam PZT and its fixture. 
The experimental setup is shown in Fig. 7-9. The fiber phased array generation is 
on the right half plate. The picture in Fig. 7-9 shows the fiber array chuck and the custom 
designed focusing objective. The angle beam PZT and its fixture is placed on the left half 
plate. The welding torch travels between them to make the weld. Fig. 7-10 shows the 





































The welding experiments are repeated for each transducer with a set of samples 
with different groove sizes. The typical signal received by the 1.0 MHz PZT is shown in 
Fig. 7-11. No longitudinal wave is received due to the configuration. The first received 
shear wave is marked on the plot and it is followed by surface wave and shear waves with 
multiple reflections. 





















Fig. 7-11: Typical signal received by 1 MHz PZT. 
After the welding, all welds are cut perpendicular to weld path to measure the 
penetration depth. Table 7-2 and Table 7-3 list the prepared groove sizes, measured weld 
penetration depths, and the weld cross-section images for all the samples. The ruler in the 
image has the unit of inch.  
The weld penetration depth is measured from the bottom side. Both a caliper and 
a T-shape ruler are used to measure the depth of the unwelded slot and the results are 
averaged. The weld penetration depth is the difference between the thickness of the 
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Section 6.4 discussed how the numerical ToF can be obtained after the ultrasound 
ray is traced. Section 7.2 discussed the experimental estimation of ToF by cross-
correlation method, which gives the relative ToF. Relative ToF is preferable over 
absolute ToF in the real-application because of the following reasons. First, it is difficult 
to get an accurate absolute ToF estimate. There are two methods that can be used to 
measure the absolute ToF: threshold method or locating peak method. When threshold 
method is used, the ultrasound amplitude and noise will affect the measurement of ToF. 
When the method of locating peak value is used, multiple-peak ultrasound will make it 
confusing, especially when noise is present. Second, the absolute path corresponding to 
the absolute ToF is difficult to locate because the receiver is an area receiver.  
Both 1 MHz PZT and 2.25 MHz PZT are used to measure the ultrasound signals. 
All experimental and numerical results of ToF are relative to the sample with penetration 
depth of 5.5 mm, which is about the middle point of the investigated penetration depth 
range. The experimental and numerical ToF results for a series of penetration depth are 
plotted in Fig. 7-12 to Fig. 7-16. Each figure corresponds to a certain time (tts) that is 
measured from the moment the welding torch passes the ultrasound sensing system. 
Different tts corresponds to the different torch – sensor distance tsd , which is discussed in 
the beginning of this chapter. 
The sum of square error (SSE) is used to measure the deviation of experimental 
ToF from the numerical values. The smaller value of SSE means better agreement. The 
numerical results with ray tracing have smaller SSE than those without ray tracing overall. 
When comparing all of these figures, the experimental ToF gives the best match to the 

























SSE = 0.272 (With Raytracing)
SSE = 1.123 (Without Raytracing)
Experimental Results with 1.00 MHz PZT 
Experimental Results with 2.25 MHz PZT 
Numerical Results with Ray Tracing 
Numerical Results without Ray Tracing 
 
Fig. 7-12: Comparison of experimental and numerical ToF results (PZT, tts = 1.0 s). 





















SSE = 0.357 (With Raytracing)
SSE = 1.287 (Without Raytracing)
Experimental Results with 1.00 MHz PZT 
Experimental Results with 2.25 MHz PZT 
Numerical Results with Ray Tracing 
Numerical Results without Ray Tracing 
 

























SSE = 0.250 (With Raytracing)
SSE = 0.920 (Without Raytracing)
Experimental Results with 1.00 MHz PZT 
Experimental Results with 2.25 MHz PZT 
Numerical Results with Ray Tracing 
Numerical Results without Ray Tracing 
 
Fig. 7-14: Comparison of experimental and numerical ToF results (PZT, tts = 2.0 s). 





















SSE = 0.587 (With Raytracing)
SSE = 1.606 (Without Raytracing)
Experimental Results with 1.00 MHz PZT 
Experimental Results with 2.25 MHz PZT 
Numerical Results with Ray Tracing 
Numerical Results without Ray Tracing 
 

























SSE = 0.579 (With Raytracing)
SSE = 1.845 (Without Raytracing)
Experimental Results with 1.00 MHz PZT 
Experimental Results with 2.25 MHz PZT 
Numerical Results with Ray Tracing 
Numerical Results without Ray Tracing 
 
Fig. 7-16: Comparison of experimental and numerical ToF results (PZT, tts = 3.0 s). 
In the first portion of the welding process, no ultrasonic signals can be received 
because of the air gap between the two samples. Signals start to appear when the welding 
torch shortly passes the sensor, at about tts = 1.0 second. The signals are weak and noisy 
in the beginning so the experimental ToF does not give the best correlation to the weld 
penetration depth. Based on SSE, the best match between the experimental ToF and the 
numerical results is obtained at tts = 2.0 seconds. After that, more weld pool is solidified 
and the propagation of the ultrasound becomes more complicated. The match of the 




7.5.2  EMAT Reception of Ultrasound 
The EMAT is used to receive the ultrasound in a similar setup, as shown in Fig. 
7-17. EMAT is preferred in a final sensing system setup because it is noncontact and 
capable of operating at high temperatures for an extended time period.  
 
Fig. 7-17: Experimental setup for EMAT measurement. 
Again, all welds are cut perpendicular to weld path to measure the penetration 
depth. Table 7-4 lists the prepared groove sizes, measured weld penetration depths, and 
the weld cross-section images for all the samples with EMAT ultrasound reception. The 
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Fig. 7-18 shows the ultrasonic signals received by the EMAT for the 7 samples 
with different penetration depths. The signals are the averaging of 3 consecutive real-time 
signals. Note that the difference of ToFs for different samples is not obvious. The small 
change in ToF has to be estimated very accurately and reliably, which makes the cross-
correlation method a necessity. 
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Fig. 7-18: Ultrasonic signals received by EMAT for different penetration depth. (2 




The experimental and numerical results of the relative ToF are plotted at a series 
of times shortly after the welding torch passes the sensing system, as shown in Fig. 7-19 
to Fig. 7-23. When the SSE is used as a criterion for how good the agreement is, the 
experimental ToF gives the best match to the numerical result at  tts = 2.0 seconds. The 
same conclusion is drawn as from PZT receivers. This implies that the torch-sensor 
distance should be set at tsd  = 1 inch when the sensor is moving along with the welding 
torch. 
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Fig. 7-20: Comparison of experimental and numerical ToF results (EMAT, tts = 1.5 s). 
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Fig. 7-22: Comparison of experimental and numerical ToF results (EMAT, tts = 2.5 s). 
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8. CHAPTER VIII 
 
CONTRIBUTIONS AND IMPACTS 
8.1  CONTRIBUTIONS 
My contributions in this research can be summarized as the following. 
1. Implemented and optimized fiber phased array ultrasound generation unit. 
Designed fixtures to hold the fiber bundles. Characterized the laser energy 
delivered by each fiber with a laser power meter and optimized the coupling of 
the pulsed laser beam into the 21-fiber bundle. 
2. Built a parametric transient FEA model in Ansys to predict the temperature 
distribution during welding.  
3. Developed a 3-D ray tracing algorithm directly from Fermat’s principle. In 
solving the ray tracing equations, the ultrasound velocity field is derived from the 
transient temperature distribution obtained from FE simulation. Shooting method 
is applied to numerically trace the rays specified by two boundary locations. 
GMAW experiments have been performed and the experimental ToF is used to 
verify the numerical results. When SSE is used as a criterion, the experimental 
ToF results match numerical ToF with ray tracing better than numerical ToF 




4. Developed a signal processing algorithm based on cross-correlation technique to 
estimate the ToF of the ultrasound, which is later correlated to the weld 
penetration depth. 
5. Conducted experiments with the fiber phased array as the ultrasound generator 
and both the PZT and EMAT as the receivers. Designed fixtures to configure the 
weld samples and the transducers so that their locations are consistent. Correlated 
the experimental ToF to the weld penetration depth. Validated the numerical ray 
tracing results with the experimental measurements. 
8.2  IMPACTS 
Controlling welding parameters through a real-time sensory feedback will reduces 
cost, heat affected zone, material degradation, and thermal distortion. Hence it will 
increase throughput and weld quality. This will have important financial implications in 
industries that use welding in their products and in construction industries. So far, the 
development of reliable non-contact, non-destructive, on-line sensors, which are able to 
detect defects as they form and with the capability of operating at high temperatures and 
in harsh environments, remains a big challenge to a fully automated robotic welding 
process.  
The real-time weld penetration depth sensing system developed in this research is 
efficient and can readily be deployed in a commercial application. The successful 
completion of this research will remove the major obstacle to a fully automated robotic 
welding process. An on-line welding system will facilitate mass production characterized 




relieve human operators of tedious, repetitive, and hazardous welding tasks, thus 




9. CHAPTER IX 
 
CONCLUSIONS AND RECOMMENDATIONS 
9.1  CONCLUSIONS 
This research work has demonstrated the application of the fiber phased array and 
EMAT for the real-time monitoring of weld penetration depth. Fiber phased array allows 
flexible source configuration and noncontact generation of laser ultrasound. The use of an 
EMAT allows the noncontact reception of ultrasound and hence withstands high 
temperatures involved in the welding process and rough surfaces. The overall system 
provides a noncontact and nondestructive evaluation method for real-time welding 
process control. 
A transient FE model is developed to predict the temperature distribution during 
GMAW. The temperature obtained is used to derive the ultrasound velocity field for the 
ray tracing algorithm and determine the temperature requirement for the transducers. A 3-
D ray tracing algorithm is developed directly from Fermat’s principle to understand the 
ultrasound propagation in a temperature gradient. Shooting method is applied to 
numerically trace the rays specified by two boundary locations. GMAW experiments 




When SSE is used as a criterion, the experimental ToF results match numerical ToF with 
ray tracing better than numerical ToF when straight line is assumed (without ray tracing).  
The results show that the effects of the temperature gradients on the ultrasound 
propagation can be understood and calculated. The experimental results with both the 
PZT and the EMAT indicate that the best correlation between the estimated ToF and the 
weld penetration depth is obtained at tts = 2 seconds. This implies a torch-sensor distance 
of 1 inch when sensing system is moving along with the welding torch. 
The established relationship between ToF and weld penetration depth will be used 
in the design of real-time weld penetration depth monitoring and control system. The 
information on weld penetration depth extracted from the ultrasonic signals can be used 
as feedback to control the welding parameters (such as welding current, arc voltage, 
welding speed, etc…), to achieve desired penetration, and hence to improve weld quality. 
The real-time weld sensing technique developed is efficient and can readily be deployed 
for commercial applications. 
9.2  RECOMMENDATIONS 
The current results show that this technique is a promising approach to monitor 
the weld penetration depth in real-time.  However, future work is still required to deploy 
this technique into a commercial system to feedback control the welding process in real-
time.  
1. Other thickness of the weld samples should be investigated to determine the 




2. The sensing system, including both fiber phased array generation and the EMAT 
reception subsystems, should be designed to move along with the welding torch so 
that a real-time sensing and feed back control scheme can be tested. To achieve this, a 
lot of design and optimization work is involved. The fiber phased array needs to be 
reconfigured so that its distal end is flexible enough to move along with the welding 
torch without breaking fibers. For the EMAT, a strong dragging force is required due 
to its strong magnetic attraction force. The surface of the test piece must be clean and 
free of magnetic particles in the moving area.  This could be accomplished by using 
an air nozzle pointed ahead of the probe travel, followed up by a strong magnet with a 
small gap mounted ahead of the EMAT probe in the direction of travel. 
3. The current system setup could be used to investigate the detection of other types of 
defects of the weld in real-time, e.g., welding cracks, porosity, dimensional defects, 
deformations, incomplete fusion, and nonmetallic inclusions. Once the ultrasonic 
signal is received by the EMAT and acquired by the computer, other signal features 
such as signal strength and frequency components could be correlated to certain types 
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